Please cite this article as: Hebscher, M., Ibrahim, C., Gilboa, A., Precuneus stimulation alters the neural dynamics of autobiographical memory retrieval, NeuroImage (2020), doi: https://doi.Abstract: Autobiographical memory (AM) unfolds over time, but little is known about the 1 dynamics of its retrieval. Space-based models of memory implicate the hippocampus, 2 retrosplenial cortex, and precuneus in early memory computations. Here we used transcranial 3 magnetic stimulation (TMS) and magnetoencephalography (MEG) to investigate the causal role 4 of the precuneus in the dynamics of AM retrieval. During early memory construction, precuneus 5 stimulation compared to vertex stimulation led to delayed evoked neural activity within 1000 ms 6 after cue presentation. During later memory elaboration, stimulation led to decreased sustained 7 positivity. We further identified a parietal late positive component during memory elaboration, 8 the amplitude of which was associated with spatial perspective during recollection. This 9 association was disrupted following precuneus stimulation, suggesting that this region plays an 10 important role in the neural representation of spatial perspective during AM. These findings 11 demonstrate a causal role for the precuneus in early AM retrieval, during memory search before 12 a specific memory is accessed, and during the initial stages of memory elaboration and re-13 experiencing. By utilizing the high temporal resolution of MEG and the causality of TMS, this 14 study helps clarify the neural correlates of early memory retrieval. 15 16
Melissa Hebscher: Conceptualization, Methodology, Software, Formal analysis, Investigation, Writing-Original Draft, Visualization. Christine Ibrahim: Software, Formal analysis, Investigation, Writing-Reviewing and Editing. Asaf Gilboa: Conceptualization, Methodology, Resources, Writing-Reviewing and Editing, Supervision, Funding acquisition 1. Introduction discarded. The retrieval phase was terminated when a memory was retrieved, after which 1 participants saw a slide asking "What was the very first thing that came to mind", and had to 2 choose one of the following four options: person, object, place, other. An elaboration phase 3 followed in which participants were prompted to imagine the event in as much detail as possible 4 for 8 s. Next, participants rated the memory on four scales aimed at measuring different 5 phenomenological characteristics of the memory. They were given a maximum of 5 s per rating 6 scale. Participants were asked to rate the effort required to bring the event to mind (1 = very 7 easy, 6 = very effortful), feelings of re-experiencing the event (1 = not at all, 6 = completely), 8 recall of setting (1 = not at all, 6 = distinctly), and perspective (1 = saw event through my own 9 eyes, 6 = saw myself from an external perspective) (Scales adapted from Addis, Wong, & 10 Schacter, 2007; Arnold, McDermott, & Szpunar, 2011) . Participants were instructed to rate the 11 experience of remembering and not the event itself. Response options on the screen appeared in 12 square boxes representing the response box used in the MEG scanner, with each box 13 representing one of the 3 buttons for each hand (excluding the thumb and pinky of each finger).
14 Participants completed practice trials outside of the MEG to familiarize themselves with the task 15 before moving on to the test trials. See Figure 1a for a depiction of the autobiographical memory 16 task. Participants received cTBS to their left precuneus 56) and to a control region 9 (vertex; MNI 0, -15, 74) on separate days. The order of these sessions was counterbalanced.
10
Participants were blind to the type of stimulation they received (precuneus or vertex) and later interviews indicated they could not distinguish between the two. The precuneus was chosen as a 1 target region based on our interest in this region's role in egocentric perspective during AM 2 (Freton et al., 2014; Hebscher et al., 2018) . We chose the left precuneus based on evidence 3 showing that episodic/autobiographical memory is predominately associated with left-lateralized 4 parietal activity (Kim, 2011; Rugg & Vilberg, 2013; Shimamura, 2011) . The left precuneus 5 target region was selected based on a custom meta-analysis of 13 studies with the keyword 6 'egocentric' using NeuroSynth (neurosynth.org). Within this map, the target region was selected 7 by choosing the coordinates with the highest z-score that would be the most accessible with TMS 8 (the most superficial area). Prior to TMS, both stimulation site coordinates were warped from 9 MNI to individual space and subject-specific stimulation sites were chosen. Subject-specific 10 stimulation sites varied slightly from MNI coordinates based on individual anatomy.
11
Specifically, stimulation sites were chosen as the most superficial region (within approximately 2 12 cm of the skull) within grey matter closest to these coordinates. See Supplementary Table 1 for 13 subject-specific target coordinates warped into MNI space, and Supplementary Figure 2 for 14 visual depiction of these target locations.
15
At the beginning of the first stimulation session, resting motor threshold (RMT) was measured 16 for each participant as the lowest intensity that produced motor evoked potentials (MEPs) above 17 50 µV in 5 out of 10 trials, recorded from the right first dorsal interosseous muscle. The
18
Brainsight frameless stereotaxic neuronavigation system (Rogue Research, Montreal, Quebec, 19 Canada) was used to target the selected stimulation sites. Four anatomical landmarks located on 20 the face were used to co-register the anatomical MRI to the participant's head. An infrared at 50 Hz, we decided to lower the burst frequency to 30 Hz due to limitations of the coil 6 circuitry, leading to overheating at high intensities. Reducing the frequency of stimulation 7 allowed us to stimulate at a higher intensity than would be possible at 50 Hz. Similar protocols 8 have previously been shown to induce MEP suppression at a reduced intensity (Wu, Shahana, 9 Huddleston, & Gilbert, 2012) , similar to suppression from 50 Hz cTBS, and 30 Hz cTBS has 10 also been shown to produce more consistent and greater MEP suppression compared to 50 Hz 11 cTBS (Goldsworthy, Pitcher, & Ridding, 2012 Canada) (VSM MedTech Inc.), at a sampling rate of 625 Hz. Participants sat in an upright 16 position and the behavioural task was projected onto a screen in front of them. For the first 4 17 participants MEG data was recorded continuously during the 30 minute behavioural task. We 18 subsequently divided the behavioural task into three equal blocks approximately 10 minutes in 19 length in order to reduce overall measures of head movement. To further minimize head 20 movement, a towel was used to provide a tighter fit within the helmet. Head position was tracked 21 at the beginning and end of each recording block by coils placed at three fiducial points on the 22 head. After acquisition, continuous signals were divided into epochs corresponding to each trial. 1 To determine whether precuneus stimulation affects the behavioural dynamics of AM retrieval, 2 paired-samples t-tests were used to compare behavioural measures for precuneus and vertex 3 stimulation sessions. Dependent variables were ease of recall ratings, reaction times, and place-4 other ratios (described below). Perspective ratings were reversed such that lower numbers 5 indicated more allocentric recall and higher numbers indicated more egocentric recall. Ease of 6 recall ratings were also reversed such that lower ratings reflected more effortful recall and higher 7 ratings reflected greater ease of recall. To measure the tendency to recall a location before other information, we calculated a 'place-10 other' ratio. A similar measure of early spatial recall is reported in Hebscher et al. (2018) . We 11 first excluded responses that matched the cue (e.g. location-cued memories where participants 12 selected place as the first thing that came to mind). Each response type was then tallied across all 13 other cue-types, allowing for calculation of likelihood ratios for each participant. To form a ratio 14 of place responses versus other responses, we computed the proportion of place responses for 15 person and object cues, the proportion of person responses for object and place cues, and the 16 proportion of object responses for place and person cues. Because several participants had 17 proportions of zero for either person or object responses (i.e. they never reported a person came 18 to mind first when not cued with a person), we decided to sum these proportions to form an 19 'other', or non-location, responses condition. We then divided the proportion of place responses 20 by the proportion of other responses to form a 'place-other' ratio. This ratio represented the 21 likelihood of spontaneously reporting that a location first came to mind when not cued with one, relative to the likelihood of reporting that something else came to mind first. We were not able to 1 compute place-other ratios for 1 participant for their precuneus stimulation session, and 1 2 participant for vertex stimulation session because these participants had proportions of zero for 3 'other' responses. Additionally, we were not able to record responses for the first thing that came 4 to mind for one participant (vertex session) due to technical difficulties with the MEG response 5 box. Thus, we had data for both sessions for a total of 20 participants. MEG data was preprocessed using Brain Electrical Source Analysis (BESA) Research 6.1. Noisy 8 or bad channels were interpolated if they were central or defined as bad if in the periphery. We 9 marked the same one channel as bad for 11 participants. One participant was found to have 10 noisier data compared to others during their vertex stimulation session, and so 10 channels were 11 defined as bad for this session. For each participant, we first performed a manual check of the 12 data to remove large artifacts such as muscle tension. For periodic artifacts like eye-blinks, 13 vertical and lateral eye movements and cardiac activity, we performed ICA removal, such that 1-14 3 components were defined for each participant based on their topography. After ICA correction, 15 an automated artifact scan was run on all participant files to remove signal containing 16 excessively high amplitudes that was not detected manually or through ICA correction (Ille, 17 Berg, & Scherg, 2002) . The data files were then averaged, yielding an average of 28.3 (SD = 3.0) 18 (94.3%) accepted trials for construction and 27.6 (SD = 3.1) (92%) accepted trials for elaboration 19 across participants. Next, the data was filtered using a low cut-off filter at 0.53 Hz (forward, 20 6dB/oct) and a high cut-off filter at 30 Hz (zero phase, 24dB/oct). 1 We performed paired-samples t-tests between the two stimulation sessions (precuneus vs vertex) 2 to determine whether the precuneus plays a causal role in the temporal dynamics of retrieval. All 3 ERF analyses were performed for 0-1000 ms of elaboration and construction stages, allowing us 4 to examine early neural activity during AM retrieval and avoid idiosyncratic aspects of retrieval 5 that do not produce reliable ERFs. ERF analyses were performed in BESA Statistics 2.0, which 6 includes a spatio-temporal permutation-based correction for multiple comparisons. We used a 7 cluster alpha of 0.05, 1000 permutations, with clusters defined using a channel distance of 4 cm 8 resulting in an average distance of 7.45 neighbors per channel. 
Behavioural analyses

ERF analyses: Effects of precuneus stimulation on retrieval dynamics
Data and code availability statement
Preprocessed MEG datasets are available on Dryad 1 (https://datadryad.org/resource/doi:10.5061/dryad.gf4f363). Additional data and code are 2 available from the authors upon request. (non-response = 1.1, fast reaction times = 0.6). Reaction times faster than 1000 ms were 10 discarded to eliminate the likelihood of including motor responses related to button press in the 11 construction time window. Very fast reaction times may also indicate non-participation on a 12 given trial. Average reaction times and memory ratings were consistent with a previous study 13 using a similar task (RT = 3763.39 ms; ease of recall = 4.56; perspective = 4.91; vividness = 14 4.12) (Hebscher et al., 2018) .
15
To determine whether precuneus plays a causal role in the behavioural dynamics of AM 16 retrieval, we compared place-other ratios, reaction times, and ease of recall ratings between 17 stimulation sessions. Paired samples t-tests revealed a non-significant effect of stimulation on 18 place-other ratios (t(20) = 1.81, p = .085, CI [-.09, 1.34]). However, there was a numerical 19 difference such that precuneus stimulation led to slightly higher ratios compared to vertex 20 stimulation (Figure 2a ). Average place-other ratios were 1.61 (SD = 1.71) for vertex stimulation 21 sessions, and 2.18 (SD = 2.68) for precuneus stimulation sessions (Figure 2d ). Note that this analysis may have been underpowered due to missing place-other ratios for some participants. 1 Although this analysis was non-significant, we have previously shown that participants are on 2 average more likely to report that a location came to mind first, but show high variability in this were also no significant differences between perspective or vividness rating scales (all p's > .56).
7
In an alternative analysis of these data is reported elsewhere (Hebscher et al., 2019), we 8 performed a series of analyses of variance (ANOVAs) using rating scales for precuneus and 9 vertex sessions as within-subjects factors and session order (i.e. counterbalancing order: 10 precuneus stimulation or vertex stimulation first) as the between-subjects factor, to account for 11 potential effects of counterbalancing order on subjective memory. This analysis revealed a 12 significant interaction between session order and session type on vividness ratings (F (1,21) = 13 5.10, p=0.035) such that precuneus stimulation led to lower vividness ratings when accounting 14 for counterbalancing order. Specifically, precuneus stimulation led to reduced vividness ratings 15 for the first stimulation session only. Counterbalancing order did not interact with place-other 16 ratios, ease of recall ratings, or reaction times, suggesting that there was no order effect on the 17 behavioural dynamics of AM retrieval (all p's > .349). Table 1a for cluster statistics. In both cases the more positive and 19 negative deflections of the stimulation-related waveform appear to reflect delayed evoked 20 responses, likely after the cue meaning had been processed and event construction had begun. To 21 directly test for a stimulation-induced delay in evoked response, we extracted the latency of both 22 significant peaks during construction for each participant for each stimulation session. Latencies were extracted for the average across sensors contributing to significant clusters for both 1 negative-going (450-650 ms) and positive-going (700-900 ms) peaks. Paired-samples t-tests 2 showed that precuneus stimulation delayed the onset of the negative-going peak relative to 3 vertex stimulation (t(22) = 2.47, CI [3.84, 44.30], p = .02), but did not significantly delay the 4 latency of the positive-going peak (t(22) = 0.39, CI [-24.93, 36 .62], p = .69). These findings 5 suggest that precuneus stimulation alters evoked responses during very early AM construction 6 (450-650 ms) by delaying or shifting activity.
During later elaboration, amplitudes for memories following precuneus stimulation were reduced 8 compared to vertex stimulation over midline, left frontal, and left parietal sensors (cluster 1; 856-9 1000 ms; p = .014; Figure 3b ). See Table 1b for cluster statistics. shows distribution of contributing sensors for significant time interval. Shaded areas reflect 1 standard error of the mean for each session. Representative sensors are indicated in red. Together these results suggest that precuneus stimulation alters the retrieval dynamics of AM at To determine if the LPC is associated with memory performance, we extracted amplitudes for (Figure 4b, right) . Notably, the correlation 17 between perspective rating and LPC peak amplitude was significantly greater for vertex 18 stimulation than precuneus stimulation (z = -2.25, p = .024), indicating that this association is 19 reduced or eliminated by precuneus stimulation. Paired-samples t-tests comparing peak 20 amplitudes between sessions revealed a non-significant trend towards reduced LPC amplitudes 21 for precuneus compared to vertex stimulation (t(22) = 1.92, CI [-.97, 24.7] , p = .068).
An alternative interpretation of these findings it that precuneus stimulation does not disrupt the 1 association between LPC and perspective rating but rather this association is shifted in time. To 2 examine this possiblility we extracted peak LPC ampltidues for an extended time window for higher values on the rating scale.
Summary of evoked response results 1
The present evoked responses results indicate that precuneus stimulation had differential effects 2 on early and later stages of AM retrieval. During early memory construction, within 1000 ms of 3 cue presentation and before participants indicated they had an event in mind, precuneus 4 stimulation led to delayed negative-going followed by reduced positive-going evoked potentials. The primary aim of this study was to elucidate the retrieval dynamics of AM at the neural level. We found that construction and elaboration stages of memory retrieval were differentially 7 affected by precuneus stimulation. Early during construction, precuneus stimulation led to 8 reduced activity compared to vertex stimulation, reflected by a delayed modulation of waveform 9 amplitudes. This suggests that precuneus stimulation caused a delay or slowing of the evoked 10 response during early construction, a stage during which participants are searching for and 11 reconstructing a memory. Slightly later during construction, precuneus stimulation led to reduced 12 amplitudes. Notably, both of these effects occurred within 1000 ms of cue presentation, 13 demonstrating that precuneus stimulation alters neural activity in the very early stages of 14 memory construction, a stage typical fMRI studies are unable to measure. We also found that 15 precuneus stimulation led to a large reduction in activity during later elaboration. Rather than Mazaheri, 2010) to more directly test whether precuneus stimulation leads to inhibition during 20 memory elaboration.
Space-based models of memory implicate a network of regions including the hippocampus, 1 retrosplenial cortex, and precuneus in early space-based functions believed to be central to 2 memory retrieval (Hassabis, Kumaran, & Maguire, 2007; Irish et al., 2015; Mullally, Vargha-3 Khadem, & Maguire, 2014; Becker & Burgess, 2001; Byrne, Becker, & Burgess, 2007) . Our 4 findings lend support to these models, showing that the precuneus is causally involved in early 5 memory processes, as early as 450 ms after cue presentation. It will be important for future 6 studies to clarify the roles of the hippocampus and retrosplenial cortex in early memory 7 processes to properly determine the validity of these space-based models of memory.
8
It is interesting that precuneus stimulation did not lead to significant differences in the 9 behavioural dynamics of AM retrieval, as measured by reaction time, effort ratings, and the into later construction, just before participants indicated they had brought an event to mind, and 17 the rating scales reflect a summation of the subjective qualities of the re-experienced event over 18 8 seconds. Thus, it is likely that the observed effects of precuneus stimulation on the dynamics of 19 AM retrieval were subject to later compensatory reiterative retrieval processes, and so are not 20 easily measured by our behavioural outcomes. 1 We aimed to identify the late positive component in our data and determine its relation to 2 subjective aspects of AM. We identified a positive component resembling the LPC at 3 approximately 600-800 ms during elaboration over right parietal sensors which was correlated 4 with spatial perspective ratings. This relationship was not present following precuneus 5 stimulation. Interestingly, the significant relationship between LPC and perspective was such 6 that participants with greater LPC amplitudes tended to recall events from less of a 7 predominately first-person perspective. Perspective rating was a continuous scale which allowed 8 participants to select the degree of first-person or third-person remembering, with mid-range 9 ratings reflecting a combination of both perspectives. Notably, participants who scored the 10 lowest on the perspective rating scale fell somewhere around the middle of the scale, suggesting 11 that they were more likely to remember events from a combination of perspectives rather than 12 from predominately third-person or first-person perspectives. One limitation to the present study is the relative lack of control over the content of participants' 21 memories. Because the task used here measured autobiographical memories encoded in everyday life, we were not able to assess objective aspects of memory such as accuracy. Rather, our 1 behavioural observations were limited to subjective self-reports. This is similar to other 2 autobiographical memory studies which trade high ecological validity for a relative lack of 3 experimental control (McDermott, Szpunar, & Christ, 2009 ). It has also been argued that 4 introspective phenomenological reports are crucial to the study of cognitive functions such as 5 episodic memory (Jack & Shallice, 2001) . Thus, although subjective measures of memory in this 6 study were not objectively validated, they likely more closely approximate naturalistic memory 7 than do laboratory tests of episodic memory.
Late positive component
8
One further limitation to the present study is the use of vertex stimulation as a control for 9 precuneus stimulation. Although our vertex stimulation was targeted at the interhemispheric 10 fissure to reduce the likelihood of stimulation reaching brain matter, it is possible that this Finally, it is important to note that precuneus stimulation likely altered neural activity beyond the 1 site of stimulation, and these effects may have contributed to the present findings. This is 2 reflected by the widespread distribution of stimulation effects (Figure 3 ). Indeed, previous 3 studies have found that repetitive TMS leads to network-wide effects on resting state functional This study aimed to elucidate the retrieval dynamics of AM by utilizing the high temporal 10 resolution of MEG, which few studies to date have done. We show that the precuneus plays a 11 causal role in early AM retrieval, in line with the proposed role of this region (Byrne et al.,
). We show also that an established neural component of recollection is related to the 13 tendency to recollect AMs from mixed spatial perspectives and that the precuneus is casually 14 involved in this relationship. These findings provide novel insights into the role that spatial 15 information plays in the dynamics of retrieval and help clarify the neural correlates of early 16 memory retrieval. 
